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Abstract
Experiments were performed in a cylindrical 0.14 m diameter bubble column with a metal perforated plate. Air and aqueous solutions
of glycerol with viscosity 1–22 mPa s were the phases. Gas holdup was measured and plotted against the gas flow rate. The critical
point where the homogeneous–heterogeneous regime transition begins was determined by the drift-flux plot of the primary data. The
homogeneous regime stability was expressed by the critical values of the gas holdup and gas flow rate. The results show that moderate
viscosity (3–22 mPa s) destabilizes the homogeneous regime and advance the transition. The results indicate that low viscosity (1–3 mPa s)
could stabilize the homogeneous regime. The destabilizing effect of the column height proved previously for air–water system applies also
to viscous batches.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction
Two basic flow regimes in bubble columns are widely rec-
ognized: homogeneous and heterogeneous [1–3]. In the ho-
mogeneous regime, the bubble concentration (voidage, gas
holdup) and the gas and liquid velocities are uniformly dis-
tributed within the column, when the long-term average is
taken. The bubbles rise almost vertically at a velocity lower
than the terminal velocity due to the hindrance effect. There
are no large-scale motions (circulations) in the liquid. In
the heterogeneous regime, strong circulations develop and
cause that the holdup and velocities display pronounced ra-
dial profiles. The bubble rise velocity is enhanced by the
circulations. These two regimes differ one another in hy-
drodynamic and transport characteristics, as well as in their
suitability for a particular technological process.
Usually, monodisperse bubbles are observed in the ho-
mogeneous regime while polydisperse in the heterogeneous
regime, where vigorous coalescence and breakup typically
occur. The bubble polydispersity is often made responsible
for the breakdown of the uniformity, but even with equal-size
bubbles, the homogeneous regime will break at a critical
holdup by disturbances, buoyant bubble clusters, sponta-
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neously formed due to hydrodynamic bubble–bubble inter-
actions. The clusters play virtually the same role as the big
bubbles in a polydisperse system.
Depending on the gas distributor, column dimensions, and
properties of the phases, both regimes can be obtained in the
same equipment by varying the gas input [4]. The homo-
geneous regime occurs at low gas flow, and loses stability
and gradually turns into the heterogeneous regime at higher
gas flow. Also, under certain conditions (e.g. plates with
big and sparse orifices), the homogeneous regime cannot be
generated in the column, and the heterogeneous regime then
exists in the column at all gas flows. This so called ‘pure’
heterogeneous regime is considered to be identical with the
heterogeneous regime resulting from the transition.
The regimes can be discriminated by their gas holdup–gas
flow rate graphs, e(q). The steady holdup in either regime
is given by the formula e = q/u (mass conservation of
gas phase), where q is the superficial gas velocity and u
the mean gas phase rise velocity. If the bubbles travelled
unaffected at their terminal velocity u0, the holdup would
increase linearly with the gas flow rate, e = q/u0 ∼ q.
Thus the deviations from the linearity are caused by the
hydrodynamic phase coupling. In the homogeneous regime,
the hindrance progressively reduces the bubble velocity with
increasing holdup (e.g. u = u0(1 − e)m), which results in
a progressive increase of the holdup with the gas flow, a
convex graph e(q), see Fig. 1. In the heterogeneous regime,
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Nomenclature
a bubble drift coefficient (–)
c parameter of Eq. (8) (–)
d bubble diameter (m)
D column diameter (m)
e gas holdup (porosity, voidage, volumetric
bubble concentration) (–)
g gravity (m/s2)
H column height (clear liquid height,
unaerated liquid level) (m)
j drift-flux (m/s)
k1, k2 parameters of Eq. (8) (–)
q gas flow rate (linear gas velocity, specific
gas flow, superficial gas velocity) (m/s)
R correlation coefficient (–)
t bubble retention time (s)
u mean gas phase rise velocity (bubble swarm
velocity, bubble slip velocity) (m/s)
u0 terminal bubble velocity (single bubble
velocity, isolated bubble velocity) (m/s)
v gas velocity inside orifice (m/s)
We orifice Weber number (–)
Greek letters
γ liquid kinematic viscosity (m2/s)
κ hydrodynamic bubble diffusivity (m2/s)
µ liquid dynamic viscosity (mPa s)
ρ density (kg/m3)
σ interfacial surface tension
(≈liquid surface tension) (N/m)
ϕ relative free plate area (–)
Subscripts
c critical value (end of homogeneous regime,
beginning of regime transition)
g gas
l liquid
s stable plate operation regime (beginning of
homogeneous regime)
the circulations progressively enhance the bubble velocity
(e.g. u = u0 + const.× q), namely in the central core of the
column where most of the gas passes through, which results
in a progressive decrease of the holdup with the gas flow, a
concave graph e(q), see Fig. 1. Note that the mean bubble
velocity u relates to the bubble retention time t by u = H/t,
where H is the column height, giving a linear relation e ∼ t.
The regime transition has been studied and several models
suggested, e.g. [5] and references therein. Despite these ef-
forts, many basic questions about the effect of important op-
erational parameters and the system properties on the transi-
tion remain unanswered. These gaps in our knowledge limit
our ability to design and control gas–liquid contacting and
reacting systems.
gas holdup e [-] 
c 
   0 qs qc  qhe 
    gas flow rate q  [m/s] 
Tr HeHo 
Fig. 1. Definition sketch of flow regimes in bubble column. Full line:
Ho—homogeneous regime; Tr—transition regime; He—heterogeneous
regime; qs—stable plate operation regime, beginning of homogeneous
regime; qc—critical point, end of homogeneous regime, beginning of
regime transition; qhe—end of regime transition, beginning of hetero-
geneous regime; ec—critical voidage. Broken line: pure heterogeneous
regime.
There are numerous results scattered in literature about
the effect of the liquid viscosity on the gas holdup in the het-
erogeneous regime. Generally, it is reported that the holdup
decreases with increasing viscosity. This is attributed to the
presence of large population of big and fast bubbles with
short retention time in the bed [1,2,4,6,7]. Not only the vis-
cous media are favourable for formation of big bubbles di-
rectly at the gas distributor [1,2,8], but also they promote
bubble coalescence [2,4,8–10] and suppress bubble breakup
in the bed [9,11]. The decrease of holdup is reflected by
various correlations containing the viscosity effect. They
are usually of the form e ∼ µn with different values of n:
−0.053 and −0.16 [2], −0.05 [1], −0.22 and others [12].
On the other hand, there are studies reporting controver-
sial effects of the viscosity [1,2,11,13]. Indeed, both increase
and decrease of the heterogeneous gas holdup have been ob-
served [8,12,14–17]. An increase was found at low viscosity
µ < 3, a decrease at moderate viscosity µ = 3–11, and a
roughly constant holdup at higher viscosity µ > 11 [14]. To
reconcile this ambiguity, the viscosity was supposed to play
a dual role [14]. At a low viscosity, the larger drag forces
reduce the bubble rise velocity and thus cause an increase
in holdup. At the same time, these forces are not strong
enough to promote the coalescence. At a higher viscosity,
the tendency to coalescence and polydispersity prevails over
the drag reduction and the uniformity is broken by big bub-
bles. This explanation was supported also by other authors
[8,11,13,15,16].
In highly viscous batches, the bubble polydispersity turns
into a virtual bidispersity. Here, the bubble population dy-
namics becomes important. Roughly bimodal population
was observed of small (less than 1 mm) and large (above
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20 mm) bubbles, with the former formed from the latter
preferably near the plate and at the liquid surface [18]. De-
spite that the small bubbles received only less than 1% of the
total gas input, they accumulated due to very low rise veloc-
ities and represented substantial portion of the total holdup,
up to 50%. The aeration time needed to establish the equi-
librium holdup amounted tenth of minutes. Expectedly, the
small bubble holdup increased with both the gas flow rate
and the viscosity. It was found too, that the temporal in-
crease of the holdup due to the small bubble accumulation
obeys a first-order kinetics [19]. The bed establishment took
more than an hour and the small bubble holdup was up to
60% of the total holdup. A further study showed that the
bed establishment time is virtually zero in lower viscosity
liquids, µ < 30, say, where the bubble population dynam-
ics can be neglected [8]. At higher viscosity, µ > 30, say,
however, the formation and accumulation of the small bub-
bles is substantial and results in further increase of the total
holdup with increasing viscosity, instead of the levelling at a
constant value as reported earlier in [14]. The overall viscos-
ity effect on the heterogeneous holdup can be summarized
as follows: the holdup increases for µ < 3, decreases for
3 < µ < 30, and increases again for µ > 30, where these
numerical values are tentative. It should also be pointed out,
that the adverse effect of the viscosity on the holdup can be
compensated by addition of various surfactants that tend to
increase the holdup, e.g. alcohols and inorganic salts [4].
There are scarce results on the effect of the liquid vis-
cosity on the homogeneous regime and its stability. Gener-
ally, an adverse effect is expected due to deterioration of the
uniformity by the strong variation in bubble sizes, caused
mainly by the coalescence [1,2,11]. Experience with bub-
ble columns indicates that the homogeneous regime is much
more sensitive to the properties of the phases than the het-
erogeneous regime [2,16]. Available experiments show that
the homogeneous holdup decreases with increasing viscosity
[4,8,16]. Further, it was found that the homogeneous regime
can be completely suppressed in sufficiently viscous liquids,
roughly at µ > 8, say, and the heterogeneous regime occurs
even with ‘homogeneous plates’ (fine and closely spaced
orifices) at low gas flow [4,8]. The flow regime in viscous
batches is thus virtually independent on the geometry of the
gas distributor, which should be kept in mind while design-
ing real equipments.
The observed decrease of the gas holdup with increasing
viscosity suggests that also the homogeneous regime stability
will be reduced [4,8,11]. However, this only is a conjecture
that must be proved experimentally: a parameter directly
related to the stability must be evaluated and plotted against
the viscosity. This parameter can be, for instance, the critical
holdup ec or the critical gas flow rate qc.
There are two studies concerning the critical values, both
based on simple modelling concepts and involving corre-
lations. First, some previous results on the transition from
bubble to plug flow in vertical pipes were adopted for bub-
ble columns [20]. It was assumed that the transition occurs
at a fixed value of the critical holdup ec = 0.13 (which is
rather unrealistic) and a simple expression was obtained for
the critical gas flow qc = 0.188u0 (zero liquid throughput).
The viscosity effect comes through the dependence of u0 on
µ, obtained from correlations. The prediction was compared
with a little success with data from [21]. Second, the model
from [22] was combined in [11] with dimension analysis
approach to various gas holdup data collected from litera-
ture. An empirical exponential formula was chosen to de-
scribe the viscosity effect by a correlation, and a decrease
was found of the critical holdup ec ∼ exp(−const. × µ0.5)
[11]. It was not specified how consistent the data of different
origin were and how the critical point was evaluated. In our
best knowledge, detailed and consistent experiments aimed
at the viscosity effect on the stability have not been done yet.
There are also two theoretical studies dealing with the
homogeneous regime stability. First, a linear stability anal-
ysis was performed in [23,24] on relatively simple 2D bub-
bly flow equations of motion and a stability criterion for the
transition was derived. Unfortunately, viscosity disappeared
along the derivations due to considering inviscid boundary
conditions, and, therefore, it does not enter the final crite-
rion. Second, a general stability concept was developed for
uniform dispersed layers based on the analogy with thermal
convection [25]. The homogeneous–heterogeneous regime
transition in bubble columns was considered to be physi-
cally similar to the Rayleigh–Benard instability of thermal
layers. The Rayleigh number was introduced for bubbly lay-
ers, which gives a stability criterion in terms of the critical
holdup. The criterion predicts a stabilizing effect of the vis-
cosity on the homogeneous regime with a linear increase of
critical holdup with viscosity ec ∼ µ, which contradicts the
general expectation. This prediction has not yet been proved
by experiments.
This study presents experimental results on the effect of
the liquid viscosity on the stability of the homogeneous
flow regime. Detailed measurements are performed and
the critical values of the gas holdup and the gas flow rate
are carefully evaluated. The results basically prove that the
moderate viscosity destabilizes the homogeneous regime
and advances the transition.
2. Experiments and data evaluation
A cylindrical plexiglas 0.14 m diameter bubble column
was equipped with a 3 mm thick brass perforated plate with
0.5 mm diameter orifices with 10 mm pitch and relative free
area ϕ = 0.002. Plates of this kind produce the homoge-
neous regime and its transition to the heterogeneous regime
[26]. Compressed air from the laboratory lines was used as
the gas phase. Aqueous solutions of glycerol in tap water
were used as the liquid phase. Glycerol was chosen as the
viscosity providing agent, because it has a simple Newto-
nian rheology and, as a non-polar solute, it has a negligible
surface activity [16]. The following eight values of viscosity
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were employed: µ = 1 (water), 1.6, 2.1, 3.8, 5.4, 6, 8.5,
and 22 mPa s. The ungased liquid height took three differ-
ent values H = 0.2, 0.4, and 0.8 m. The dependence of the
holdup e on the gas flow rate q was measured. The gas flow
was read from rotametres and the holdup was determined
from the bed expansion. Each experimental run was repeated
three-times and the holdup values were averaged (relative
error less than 5%).
The homogeneous regime is limited from below by the
point of the stable plate operation regime (index s), and from
above by the critical point (index c), see Fig. 1. To produce a
uniform bubble bed, the plate operation must be independent
of pressure fluctuations on both the gas and liquid sides, and
all orifices must work steadily [26,27]. This is expected to
happen when the orifice Weber number is larger than 2 [28]:
We ≡ ρg dv
2
σ
= ρg dq
2
σϕ2
> 2. (1)
The condition We = 2 thus determines the value of qs. For
our system, according to Eq. (1), the homogeneous regime
should begin at qs ≈ 0.03 m/s, which seems to be rather
high. Note, however, that this theoretical estimate is only
one of many and must be supported with visual observa-
tion of the actual plate behaviour in the particular experi-
mental equipment. The critical point [qc, ec] where the ho-
mogeneous regime loses stability and the transition begins
was determined from the drift-flux plot j = j(e) [29]. At
the critical point, the experimental data j = (1 − e)q de-
part from the theoretical curve for the homogeneous regime
j = e(1 − e)u. The values of qc and ec were taken as the
measures of the homogeneous regime stability. The bubble
slip velocity u was calculated by the formula derived for the
homogeneous regime [30]:
u(e) = u0
(
1− ae
1− e
)
, (2)
which gives results comparable with other expressions, e.g.
[31]. The values of the bubble terminal velocity u0 and the
bubble drift coefficient a can be extracted from the experi-
mental data e(q) using the relation e = q/u and linearizing
Eq. (2):
q
e
= (u0)− (a · u0) e1− e . (3)
u0 and a can also be found by trial and error to obtain the
best fit of the data in the drift-flux plot.
3. Results and discussion
3.1. Gas holdup
For µ > 3, say, the primary experimental data e(q) dis-
played in Fig. 2 witness a considerable reduction of the gas
holdup as a result of increasing liquid viscosity, which is
in agreement with the expectation. The character of the e–q
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Fig. 2. Primary data: gas holdup e versus gas flow rate q. Increasing
liquid viscosity: µ = 1 (broken line), 1.6, 2.1, 3.8, 5.4, 6, 8.5, 22 mPa s.
Column height: (a) H = 0.2 m; (b) H = 0.4 m; (c) H = 0.8 m.
dependence changes smoothly from the typical transition
curves with expressive maxima obtained at low viscosity, to
rather monotonous lines of the heterogeneous regime found
at higher viscosity (cf. Fig. 1). The results conform the em-
pirical rule suggested by Zahradnı´k et al. [4], that the ho-
mogeneous regime cannot exist above a certain value of the
viscosity, µ > 8, say. This ‘rule’ was based only on a vi-
sual inspection of the flow pattern in the column and on the
character of the e–q graph, but not on the critical values.
For µ < 3, say, the data in Fig. 2 indicate a holdup in-
crease with the viscosity, which is not expected for the ho-
mogeneous regime: one or two full lines with µ = 1.6 and
2.1 are above the broken line with µ = 1. It suggests, that
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Fig. 3. Drift-flux plot: drift-flux j versus gas holdup e. Experimental data (disconnected marks). Theoretical curve for homogeneous regime (parabolic
line): (a) µ = 1.6, ec = 0.26, qc = 0.043; (b) µ = 6, ec = 0.17, qc = 0.032; (c) µ = 22, ec = 0.09, qc = 0.023. Column height: H = 0.2 m.
the dual role of the viscosity observed in the heterogeneous
regime may apply also to the homogeneous regime. It also
suggests, that a small viscosity could stabilize uniform bub-
bly layers, as predicted by the theory of Ruzicka and Thomas
[25]. There are not enough data in the present study to be
more conclusive and further measurements focused on the
range µ = 1–3, say, are necessary for the definite answer.
3.2. Drift-flux plot
Three examples of the Wallis’ plot for the critical point
determination are shown in Fig. 3. These graphs clearly
show that the data depart from the parabola earlier at higher
viscosity and give lower values of the critical holdup.
At low gas flow (holdup), the data also lie on the parabola
despite the fact that the uniform bubbling condition by
Eq. (1) is not satisfied—the homogeneous regime would
not be fully established. It suggests that Eq. (1) may not
be very accurate and/or that the long-term uniformity as-
sumed in the Wallis’ theory can exist in bubble columns
even below qs despite that not all orifices work at a given
instant.
The drift-flux plot can give values of qc that are smaller
than qs (≈0.03 m/s, in our case): the homogeneous regime
breaks even before its appears, see Fig. 1. Physically, this
paradox means that the homogeneous regime is absent be-
cause it cannot develop. The condition qs = qc enables to
determine the limiting viscosity above which the bubble bed
is not uniform. For instance, at µ = 6 and 8.5 mPa s, the
values of qc are 0.032 and 0.029 m/s (H = 0.2 m), which
corresponds to the above mentioned Zahradnı´k’s empirical
limiting viscosity ≈8 mPa s.
3.3. Critical values
The critical values of the holdup and gas flow rate measure
the homogeneous regime stability and are displayed in Fig. 4.
The data show a general statistically decreasing trend that
proves the destabilizing effect of the viscosity. Also, the
results prove the conjecture that a decrease in the holdup (e)
corresponds to a decrease in the critical holdup (ec), cf. Fig. 2
and Fig. 4. The critical data allow for an overall empirical
power-law fit:
ec = 0.28µ−0.37, (4)
qc = 0.048µ−0.24, (5)
where the numerical values represent the mean over the
three column heights employed, see Fig. 5a. These empir-
ical correlation are to quantify the trend observed in our
narrow range of data, rather than to be used for design and
scale-up of real equipment. To recover the effect of the col-
umn dimensions H and D on ec, the value 0.28 in (4) should
be replaced with the formula (0.22− 0.17D)H−(0.09+0.38D)
obtained previously for the air–water system [30]. Alterna-
tively, a general exponential fit of the data is possible too
(see Fig. 5b):
ec = 0.23 exp(−0.054µ). (6)
Finally, the data can also be fitted with a particular exponen-
tial formula suggested in [11] for design and scale-up (see
Fig. 5c):
ec = 0.31 exp(−0.33µ0.5). (7)
It is noteworthy that the unexpected slight increase of the
holdup with the viscosity at µ < 3 found in Fig. 2 results
in a stabilizing effect in Fig. 4a and c, where the blank data
points with µ = 1 are below the next points with µ = 1.6.
The stabilization is especially remarkable in Fig. 4c. The
prediction of the Ruzicka and Thomas theory [25] is shown
by the full lines in Fig. 4a, c, and e. Their formula for the
critical holdup reads
ec = γκ
g
[
k1
H3
+ k2
H3−cDc
]
, (8)
where γ is the kinematic viscosity of the bubbly mixture, κ
the hydrodynamic diffusivity of bubbles, g the gravity and
k1, k2 and c the empirical parameters. Upon substituting [25]
γ = 10−3µ/ρl (note that µ is in mPa s), κ = 10−3, g =
9.81, k1 = 105, k2 = 6.7× 106, c = 2.84, Eq. (8) gives the
following linear relations between the critical holdup and
viscosity, which are displayed in Fig. 4:
ec = 0.236µ, H = 0.2 m, (9a)
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Fig. 4. Effect of viscosity µ on critical values of holdup ec and gas flow rate qc. Experimental data (marks). Power-law fit of data (dotted lines).
Prediction of ec by Eq. (9) from Ruzicka and Thomas theory [25] (full lines in a, c, e). Lowest viscosity point µ = 1 mPa s (blank marks in a, c, e).
Column height: (a, b) H = 0.2 m; (c, d) H = 0.4 m; (e, f) H = 0.8 m.
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Fig. 5. Various correlations for critical voidage ec: (a) Eq. (4), (b) Eq. (6), (c) Eq. (7). Column height: H = 0.2 m (); H = 0.4 m (); H = 0.8 m ().
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Fig. 6. Effect of column height H on gas holdup e in viscous batches.
Holdup (connected marks) shows power-law decrease with viscosity
e = pµ−r with values [p, r, R] = [0.63, 0.39, 0.93], [0.54, 0.40, 0.89],
and [0.48, 0.43, 0.93] for column heights H = 0.2, 0.4, and 0.8 m.
ec = 0.211µ, H = 0.4 m, (9b)
ec = 0.188µ, H = 0.8 m. (9c)
The first two points in Fig. 4c follow the line (9b) well.
However, this finding has only an indicative value since
there are not enough data within this range. Nevertheless, the
stabilizing effect of a small viscosity may well be anticipated
(new experiments are currently under way).
3.4. Effect of column height
Fig. 6 contains the holdup data for three different heights
H = 0.2, 0.4, and 0.8 m, at a fixed value of the gas flow
rate (q = 0.09 m/s) that is higher than the critical values
(see Fig. 4b, d and f). The holdup decreases with increasing
the column height, which is in full accord with our previous
results on the destabilizing effect of the column size obtained
for air–water systems [30]. It follows, that the unfavourable
effect of the column height on the holdup applies also to
viscous batches.
4. Conclusions
The adverse effect of the liquid viscosity on the homo-
geneous regime stability for aqueous glycerol solutions
of moderate viscosity was found experimentally. Both the
holdup and its critical value decrease with increasing vis-
cosity for µ = 3–22 mPa s. This is in accord with the
previous expectation. On the other hand, the measure-
ments also indicate that there is a narrow viscosity range
µ = 1–3 mPa s where the viscosity could stabilize the ho-
mogeneous regime as predicted by the theory of Ruzicka
and Thomas [25], which is in contrast with the common
belief.
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